Phytase improves the bioavailability of phytate phosphorus in plant foods to humans and animals and reduces phosphorus pollution of animal waste. Our objectives were to express an Aspergillus niger phytase gene (phyA) in Saccharomyces cerevisiae and to determine the effects of glycosylation on the phytase's activity and thermostability. A 1.4-kb DNA fragment containing the coding region of the phyA gene was inserted into the expression vector pYES2 and was expressed in S. cerevisiae as an active, extracellular phytase. The yield of total extracellular phytase activity was affected by the signal peptide and the medium composition. The expressed phytase had two pH optima (2 to 2.5 and 5 to 5.5) and a temperature optimum between 55 and 60°C, and it cross-reacted with a rabbit polyclonal antibody against the wild-type enzyme. Due to the heavy glycosylation, the expressed phytase had a molecular size of approximately 120 kDa and appeared to be more thermostable than the commercial enzyme. Deglycosylation of the phytase resulted in losses of 9% of its activity and 40% of its thermostability. The recombinant phytase was effective in hydrolyzing phytate phosphorus from corn or soybean meal in vitro. In conclusion, the phyA gene was expressed as an active, extracellular phytase in S. cerevisiae, and its thermostability was affected by glycosylation.
Phytate, myo-inositol hexophosphate, is the major storage form of phosphorus in food or feeds of plant origin (23) . Phytases, a specific group of phosphatases, are required to initiate the release of phosphorus from phytate. Simple-stomached animals such as swine and poultry, as well as humans, have little phytase activity in their gastrointestinal tracts. Thus, nearly all of the dietary phytate phosphorus ingested by these species is excreted into the environment, resulting in phosphorus pollution in areas of intensive animal production (3). Supplemental microbial phytase in corn-soybean meal diets for swine and poultry effectively improves phytate phosphorus utilization by these animals and reduces their fecal phosphorus excretion by up to 50% (15, 16) .
Aspergillus niger phytase (EC 3.1.3.8) has been well characterized: it is an extracellular glycoprotein, and the mature enzyme has a mass of approximately 80 kDa (26) . The gene, phyA, has been cloned from A. niger and sequenced (20, 26a) . There are 10 potential N glycosylation sites in the primary structure (26a). The gene was first expressed in A. niger (26a) , producing a commercially available phytase called Natuphos (BASF, Mt. Olive, N.J.). However, the thermostability constraint and the cost of the enzyme limit its use in animal production (24) . Later, the gene was also expressed in tobacco seeds (21) or leaves (27) and in soybean cells (17) . Although there are differences in glycosylation among these hosts, the expressed phytase enzymes are all active, and the sizes of the deglycosylated proteins are similar. In contrast, Escherichia coli was unable to express an active phytase enzyme from the phyA gene, producing a nonglycosylated, intracellular inclusion protein (56 kDa) (22) . The in vitro solubilized and refolded protein showed only 1% of the activity of the purified phytase (26) . Seemingly, a lack of glycosylation and/or secretion of phytase in E. coli precluded the expression of active phyA phytase. The yeast Saccharomyces cerevisiae has been widely used as a host organism to produce heterologous proteins, and the expressed proteins are generally hyperglycosylated (4, 6) . Our objectives were to determine if S. cerevisiae was able to express functional phyA phytase and to study the effects of glycosylation on the phytase's activity and thermostability.
MATERIALS AND METHODS
Plasmid cassettes. Three plasmids with different signal peptides were constructed (Table 1) . The phyA gene (GenBank accession no. M94550) was kindly provided by E. J. Mullaney of the U.S. Department of Agriculture (USDA). To facilitate cloning, we initially amplified a 1.4-kb DNA fragment containing the coding region of phyA from pMD4.21 (22) by PCR and inserted it into pET25b(ϩ) (Novagen, Madison, Wis.). The resulting construct, pEP1 (6,893 bp), was used as a template to amplify the phyA gene by PCR in the following experiments.
The first plasmid, pYEP1 (7,783 bp), was the pYES2 expression vector (Invitrogen, San Diego, Calif.) with the signal peptide of endoglucanase E2 from Thermomonospora fusca, Spe2 (28) , and the coding region of phyA isolated from a shuttle plasmid, pSPP1, which was made from pSES1 (10) to express phyA in Streptomyces lividans in our preliminary experiment. Initially, the pLT1 promoter (14) and the signal peptide of Spe2 were amplified from pBW2 (10) by PCR. An upstream primer, 5Ј-CAG CTA TGA CCA TGA TTA CGC C-3Ј, and a downstream primer, 5Ј-CGT AGA ACG GGA ATT CAT TGG CCG CC-3Ј, were used. The PCR fragment was digested with the restriction enzymes PstI and EcoRI, ligated with the coding region of the phyA gene that was isolated from pEP1 by PCR, and digested at the EcoRI and HindIII sites. To add a KpnI site at the 3Ј end, this ligated fragment was then inserted into pBluescript SKϩ (Stratagene, La Jolla, Calif.) at the PstI and HindIII sites. Subsequently, a PstI-KpnI fragment was inserted into pSES1 to obtain the shuttle plasmid pSPP1, and a HindIII fragment digested from pSPP1 was inserted into pYES2 to produce pYEP1.
The second plasmid, pYXP1 (7,219 bp), was pYES2 ligated with the coding region of the phyA gene joined to Spxy, the signal peptide of a xylanase gene from Aureobasidium pullulans (18) . Spxy was joined with phyA by overlap extension PCR (8) with four different primers. Primer 1 (5Ј-CCC AAG CTT GAT CAC ATC CAT TCA-3Ј) and primer 2 (5Ј-CGG GGA CTG CTA GCG CAC GTT CGA T-3Ј) were used to amplify the Spxy sequence from pCE4 (18) . Primer 3 (5Ј-ATC GAA CGT GCG CTA GCA GTC CCC G-3Ј) and primer 4 (5Ј-GCT CTA GAC TAA GCA AAA CAC TCC-3Ј) were used to amplify the coding region of phyA from pEP1. The two amplified fragments were then mixed as templates and joined by PCR with primers 1 and 4. The final product was inserted into pYES2 at the HindIII and XbaI sites.
The third plasmid, pYPP1 (7,176 bp), was identical to pYXP1 except that it contained Sphy, the signal peptide of phyA phytase. The lead sequence and the coding region of the phyA gene, excluding the intron between them, were joined by PCR. The template was pEP1, with a long upstream primer that consisted of a Sphy sequence plus a KpnI restriction site at the 5Ј end (GG GGT ACC ATG GGC GTC TCT GCT GTT CTA CTT CCT TTG TAT CTC CTG TCT GGA GTC ACC TCC GGA CTG GCA) and primer 4 (see above) as the downstream primer. The PCR fragment was inserted into pYES2 at the KpnI and XbaI sites to produce pYPP1.
Transformation, induction, and sample preparation. The three plasmids were transformed into S. cerevisiae INVSc1 (Invitrogen) by the lithium chloride method (9) . Transformants were initially grown at 30°C in Sabouraud-raffinose (4%) medium (18), Sabouraud-glycerol medium (4% raffinose was replaced by 5% glycerol and 0.1% dextrose), or yeast extract-peptone-dextrose (YEPD) medium. When the culture optical density at 600 nm (OD 600 ) reached 2, 2% galactose was added to induce phytase expression. Extracellular and intracellular samples were prepared for various assays (18) . The total protein concentration in the samples was determined by the method of Lowry et al. (19) .
Northern blotting. Total RNA was isolated with TRIzol reagent (GIBCO BRL, Gaithersburg, Md.) from the phyA transformants before and after induction. The RNA samples (20 g per lane) were subjected to Northern blotting (2). A 1.4-kb EcoRI-HindIII DNA fragment containing the phyA coding region was used as a probe.
SDS-PAGE and Western blotting. To detect phytase protein expression, the medium supernatant cultured with the phyA transformants was subjected to sodium dodecyl sulfate-12.5% polyacrylamide gel electrophoresis (SDS-PAGE) with the use of a Mini-Protein I cell (Bio-Rad Laboratories, Hercules, Calif.) (13) . Prior to gel electrophoresis, the supernatants were concentrated (ϳ10-fold) with the use of a stirred ultrafiltration cell (M8050; Amicon, Beverly, Mass.) with a membrane (YM10) having an apparent molecular weight cutoff of 10,000. Protein was stained with Coomassie bright blue and quantified by an IS-1000 digital imaging system (Alpha Innotech Co., San Leandro, Calif.), using a 10-kDa protein ladder as the standard (Promega, Madison, Wis.). For Western blot analysis, the separated proteins were transferred onto a Protran nitrocellulose membrane (Schleicher & Schuell, Keene, N.H.) with a Mini Trans-Blot cell (Bio-Rad Laboratories). A rabbit polyclonal immunoglobulin G (provided by A. H. J. Ullah of the USDA) raised against purified native A. niger phytase was used as the primary antibody and was diluted 1:5,000 prior to application. A goat anti-rabbit immunoglobulin G-horseradish peroxidase system (Bio-Rad Laboratories) was used for the final colorimetric detection.
Enzyme activity and properties. Phytase activity was determined in the culture supernatants and the total soluble and insoluble fractions of the transformed cells as previously described (7). Briefly, 0.5 ml of sample (containing 0.02 to 0.2 U of phytase, diluted with 0.2 M citric acid [pH 5.5]) was transferred to a tube and incubated in a water bath (37°C) for 5 min. Then, 0.5 ml of 1% sodium phytate (diluted with 0.2 M citric acid [pH 5.5]; Sigma, St. Louis, Mo.) was added to start the reaction, which was carried out at 37°C for 15 min and stopped by adding 1 ml of 15% trichloroacetic acid. Blanks were run by incubating the enzyme samples with trichloroacetic acid for 15 min before adding the substrate. The mixture was centrifuged (2,000 ϫ g, 10 min) and 0.2 ml of supernatant was mixed with sulfuric acid, ammonium molybdate, and ascorbic acid for the determination of free-phosphorus concentration. One phytase unit was defined as the activity that releases 1 mol of inorganic phosphorus from sodium phytate per min at pH 5.5 and 37°C. The optimal pH of the expressed phytase was determined (at 37°C; n ϭ 3) by using buffers of 0.2 M glycine-HCl (pH 1.0, 2.0, and 2.5), 0.2 M sodium citrate (pH 3.0, 4.0, 5.0, and 5.5), and 0.2 M Tris-HCl (pH 6.0 and 8.0). The optimal temperature was determined (at pH 5.5; n ϭ 3) at 25, 37, 45, 50, 55, 60, 75, and 80°C. For a direct comparison of thermostability with the commercial phytase, the expressed phytase was partially purified by ammonium sulfate precipitation at 75% saturation and DEAE-Sepharose chromatography (5) . Before the heat treatment, both phytases were adjusted to the same protein concentration (1 mg/ml) with 0.2 M citric acid, pH 5.5. Immediately after the enzymes (400 l) were heated at 55 and 80°C for 15 min, the samples were chilled on ice and their remaining phytase activities were measured at 37°C as described above.
Phytate phosphorus hydrolysis by the expressed phytase. To confirm the effectiveness of the expressed phytase on hydrolysis of phytate in natural food, 5 g of either corn or soybean meal was incubated with phytase (0, 100, 250, 500, and 1,000 U/kg of sample) in 0.2 M sodium citrate, pH 5.5, at 37°C for 1 or 4 h (n ϭ 4). The phosphorus released in the supernatant was assayed as described by Chen et al. (1) . A direct comparison between the expressed phytase, in the partially purified form as described above, and the commercial phytase for phytate phosphorus release from soybean meal was made at the level of 250 U/kg of feed (with similar protein concentrations).
Deglycosylation of the expressed phytase. Endo H f (New England Biolabs, Beverly, Mass.) was used to deglycosylate the expressed phytase. The reaction was carried out by incubating phytase samples (supernatants of the yeast culture, with 100 g of total protein) with 3,000 New England Biolab units (0.3 IU) of Endo H f in 0.5 M sodium citrate [pH 5.5]-1 mM phenylmethylsulfonyl fluoride for 5 h at 37°C (no further change after overnight digestion). The reaction mixture was subjected to SDS-PAGE and Western blot analyses as described above. Phytase activity and the thermostability of the enzyme before and after deglycosylation (with similar protein concentrations) were compared as described above (n ϭ 4).
RESULTS
Functional expression of phyA in S. cerevisiae. Both the pYEP1 and the pYPP1 transformants showed moderate levels of extracellular phytase activity at 15 h after induction in Sabouraud-raffinose medium, while the pYXP1 or the pYES2 (vector control) transformants had no detectable activity (Table 2). There were no significant differences among these transformants in cell densities (OD 600 ). The pYPP1 transformants produced quite different phytase activities in three different media, with considerably higher activity and cell density in YEPD medium. In contrast, the pYEP1 transformants expressed similar phytase activities in Sabouraud-raffinose and Sabouraud-glycerol media but had no activity in YEPD medium (data not shown).
Because of the relatively high phytase activity yield, the pYPP1 transformants were grown in YEPD medium for further characterization of the enzyme. Nearly all the phytase produced in the system was secreted into the medium, because no intracellular phytase activity was detected. The phyA mRNA was detected in the pYPP1 transformants 20 h after induction, but not in the pYES2 control (data not shown). In the medium supernatant, there was a significant protein band of approximately 120 kDa shown by the SDS-PAGE that was recognized by the phytase polyclonal antibody. The deglycosylated phytase formed a sharp band (50 kDa) (Fig. 1) .
Properties of the expressed phytase. The relative activities of the expressed phytase were 0.53, 62.8, 68.2, 50.6, 85.3, 105.3, 100, 69.8, and 0.84% at pH 1, 2, 2.5, 3, 4, 5, 5.5, 6, and 8, respectively. The differences between pH 2 and 2.5 or 5 and 5.5 were not significant. Thus, the enzyme had two pH optima: 2 to 2.5 and 5 to 5.5, with less activity (P Ͻ 0.05) at the lower pH than at the higher pH. The relative activities were 24.2, 44.6, 63.9, 83.6, 89.8, 100, 0.6, and 0.9% at 25, 37, 45, 50, 55, 60, 75, and 80°C, respectively. The optimal temperature of the enzyme was between 55 and 60°C, because the difference in activity between these two temperatures was not significant. The partially purified phytase (4 U/mg) expressed in S. cerevisiae retained 23 and 24% more (P Ͻ 0.01) of the initial activity after it was heated for 15 min at 55 and 80°C, respectively, than did the commercial phytase (Fig. 2) . Phytate phosphorus hydrolysis by the expressed phytase. The total amounts of phosphorus released from soybean meal within 1 h were 0.68, 1.18, 1.62, 2.48, and 3.31 g/kg of food for 0, 100, 250, 500, and 1,000 U/kg of food, respectively. The differences between any two levels of phytase activity were significant. At any given level of phytase activity, longer incubation (4 versus 1 h) also resulted in additional phosphorus release from soybean meal. But the hydrolysis reached a plateau at 500 U/kg of soybean meal for the 4-h incubation. There were no differences in the amount of phosphorus released from corn between the 1-and 4-h incubations when phytase activity levels were greater than 250 U/kg of food. The amount of phosphorus released from corn at any given activity level was lower than that from soybean meal. At the same activity (250 U/kg of food), the expressed phytase and the commercial phytase released similar amounts of phosphorus from soybean meal within 1 h (1.41 versus 1.51 g/kg; the blank was 0.73 g/kg).
Effects of deglycosylation on the expressed phytase activity and thermostability. After deglycosylation by Endo H f , the expressed phytase had 91% (standard error [SE] ϭ 2.1%, P ϭ 0.22) of the original activity. However, deglycosylation caused a substantial reduction (P Ͻ 0.05) in enzyme thermostability. While 62.6% (SE ϭ 2.2%) of the activity remained after the nondeglycosylated enzyme was heated for 15 min at 80°C, only 37.3% (SE ϭ 1.8) of its activity remained in the deglycosylated enzyme treated under the same condition.
DISCUSSION
Up to now, the phyA gene has been expressed as an active enzyme in A. niger (26a), tobacco seeds (21) or leaves (27) , and soybean cells (17) . In the present study, we have demonstrated that S. cerevisiae is also able to express the phyA gene. The expressed extracellular phytase has been verified, by Northern and Western blotting analyses, to be a specific product of the phyA gene and a functional enzyme. Its molecular mass is approximately 120 kDa, and the enzyme is the largest among the isolated or overexpressed phyA proteins. Deglycosylation of the enzyme produced a protein with a mass (50 kDa) similar to those from other hosts (17, 21, 26a, 27) , indicating that the increased mass is due to the sugar moieties at the N glycosylation sites. Probably because of heavy glycosylation, this expressed phytase seems to have a slightly wider temperature optimum (55 to 60°C) and to be more thermostable than the commercial phytase or the ones expressed in other hosts. After being heated at 55 and 80°C for 15 min, our partially purified enzyme retained 95 and 75% of its phytase activity, whereas the commercial phytase retained 72 and 51% of its activity, respectively. Wild-type phytase retained only 40% of its activity after it was heated at 68°C for 10 min (26) . Activity of the phyA phytase expressed in soybean cells declined rapidly at temperatures above 63°C (17) . Because phytases from these sources are less glycosylated than the one expressed in S. cerevisiae, their apparent inferior thermostabilities are probably related to their lower levels of glycosylation. More directly, deglycosylation of the phytase expressed in S. cerevisiae resulted in a 40% loss of its thermostability at 80°C. Kanai et al. (11) have demonstrated that N glycosylation of cycloinulo-oligosaccharide fructanotransferase improves the thermostability of the enzyme expressed in S. cerevisiae. Others have shown a similar role of glycosylation in protein thermostability (12, 25) . Because the main constraint of the commercial phytase is the activity loss due to heat from feed pelleting (24), our results suggest a promising direction for tackling the problem.
The catalytic and immunological properties of the phyA phytase expressed in S. cerevisiae are not significantly affected by glycosylation. Deglycosylation of the enzyme reduced its specific activity by only 9%. Both the heavy glycosylated and the deglycosylated proteins cross-reacted with the polyclonal antibody raised against the wild-type enzyme. The hyperglycosylation did not change the pH activity profile of the expressed phytase, which was similar to that of the commercial or the (23) . It is also interesting that the expressed and the commercial phytases have similar capacities to hydrolyze the natural phytate in soybean meal at the same activity level as that of sodium phytate. In addition, the amounts of phytate phosphorus released from corn or soybean meal at a given level of phytase activity were affected by the source or amount of phytate and the incubation time.
Because corn has a lower phytate concentration than soybean meal, less phytase activity and less time are needed to produce maximal hydrolysis of its phytate phosphorus. The total yield of extracellular phyA phytase activity was affected by the signal peptides and the media. The signal peptide (Spxy) of xylanase A from A. pullulans (18) did not give a functional expression of phytase. This might be due to the lack of proper splicing or instability of the phyA transcript containing Spxy. Spe2 of endoglucanase E2 from T. fusca (28) resulted in a lower extracellular phytase activity than the phyA signal peptide (Sphy [26a] ). Because there were similar levels of cell growth (OD 600 ) without detectable intracellular phytase activity among transformants containing different signal peptides, the differences in their total yields of extracellular phytase activity were probably due to differences in the specific activity of the produced enzyme. However, further purification of these phytases is necessary to accurately compare their specific activities and to determine whether the expression rate of the gene causes the differences in yield. Phytase activity was higher when the pYPP1 transformants were grown in YEPD medium than in the other two complex media, largely due to a higher total cell mass in the YEPD medium. Because of the relatively low cost, YEPD medium would potentially be a good choice for phytase production.
